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Abstract

Thickness shear mode (TSM) quartz resonators operating in a new "Lever oscillator" circuit are used as

monitors for critical automotive fluids.

These monitors respond to the density and viscosity of liquids

contacting the quartz surface. Sensors have been developed for determining the viscosity characteristics of
engine lubricating oil, the state-of-charge of lead-acid storage batteries, and the concentration variations in

engine coolant.

Introduction

Fluids play an extremely important role in today's
automotive systems. They serve as fuels, lubricants,
coolants, cleaners, hydraulic agents, and charge
media. When a fluid depletes, whether it is through
consumption or loss, through degradation to the point
of nonfunctionality, or through contamination with
foreign matter, critical vehicle systems can cease
operation or, worse yet, suffer catastrophic damage.
It is imperative that automotive fluids be maintained.
However, few vehicles have diagnostic sensors, aside
from fuel and oil pressure gauges, to assist the
driver/operator in assessing fluid capacity. One must
still visually inspect fluid levels using dipsticks and
filler marks and provide fluid replacement at intervals
dictated by the odometer or calendar.

In this paper we describe a quartz resonator
technology that has the capability to sense physical
parameters of a contacting medium. The monitor
responds to the density and viscosity of a liquid,
measures accumulated surface mass, senses phase
changes in the contacting material, and can determine

* This work was performed at Sandia National
Laboratories supported by the U. S. Department of

Energy under contract No. DE-AS04-94A185000.

** On Contract from Ktech Corporation, Albuquerque,
NM.

viscoelastic properties of the medium. It can also
simply respond to the presence or absence of a fluid.
Sensors can be configured for in situ use in most
environments, and the device response is provided in
real-time. These characteristics make the quartz
resonator monitor useful not only as a vehicle sensor
but also as a diagnostic tool for component or system
evaluations and qualifications in the laboratory.

Quartz  resonators have been partially
characterized in three automotive fluid environments:
engine lubricating oil, lead-acid battery electrolyte,
and engine coolant (ethylene glycol). Details of these
evaluations are provided in the following sections.
The diagnostic ability for the sensor in these fluids is
preliminary yet promising. Because of the large
viscosities encountered in some of the target liquids,
a new oscillator electronic circuit was designed to
operate with the quartz resonators. Brief descriptions
of this circuit are also provided in the paper.

Quartz Resonator Sensors

The typical thickness shear mode (TSM) quartz
resonator is shown in Fig. 1. Metal electrodes (few
hundred nanometers thick) are deposited on each face
of a thin wafer of AT-cut quartz. Applying an RF
voltage to the electrodes induces a strain in the
piezoelectric quartz. Because of the orientation of the
crystal axes and the direction of the applied field,
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Fig. 1. Top and edge views of a TSM quartz resonator.

shear displacement occurs (see Fig. 2). The
amplitude of the planar displacement in the x-
direction, u,, as a function of time, t, and position
along the quartz thickness, y, is given by (1]

uy(y,t) = (Aejﬁqy+Bequy)ejwt )

where A and B are constants, @ = 2xf is the angular
excitation frequency, B, is the wavenumber
describing the shear wave propagation in the quartz,
and j = (-1)  Solving Eq. (1) subject to the
boundary conditions at the upper and lower surfaces
gives sinusoidal standing waves of odd mode
number: Bq = Nrwh, N =1, 3, S, ..., where h the
quartz thickness. In the unperturbed state (no surface
loading), the resonant frequency, f, is

f, - Nv _ N K )
2h 2h\p,

where v is the shear wave propagation (phase)
velocity in the quariz, Hq is the quartz shear stiffness,
and p,, is the quartz density.

Any material in contact with one or both surfaces
of the quartz will perturb the resonator. The acoustic

wave extends into the contacting material. An ideal
mass layer, as shown in Fig. 2, acts as a rigid medium
and moves synchronously with the oscillating quartz
surface. The resonant frequency of the device is
reduced from f; due to added material thickness and a
change in density. No loss of resonant magnitude is
experienced due to an ideal mass layer.

Liquid in contact with the resonator surface is
viscously-entrained. The liquid velocity field, v, (y,t),
is determined from the one-dimensional Navier-
Stokes equation [2]:

n =P 3)

where p and n are the fluid density and viscosity.
The solution to Eq. (3) for a shear driving force at the
solid-liquid interface is [2]

VX(Y’t) - on e_Yy ejﬁ)t (4)

where v, is the particle velocity at the quartz surface
and vy is the propagation constant for the damped
shear wave radiated into the fluid. For a Newtonian
fluid (viscosity independent of shear rate), the
propagation constant, found by substituting Eq. (4)
into Eq. (3), is given by

1+
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Fig. 2. Cross-sectional view of a smooth TSM resonator
with the upper surface contacted by an ideal mass layer
and a viscously-entrained Newtonian liquid.



with the decay length, 3, defined by [3]

d = ..2_1'. (6)
wp

The complex propagation constant creates both
oscillatory and dissipative factors in the velocity field
of Eq. (4), giving rise to a frequency shift and
magnitude damping of the acoustic wave,

An equivalent-circuit model (Fig. 3) can be used
to describe the electrical response of both the
unperturbed and loaded TSM resonator [4]. The
model consists of a "static" branch containing C, the
capacitance created by the electrodes across the
insulating quartz, and C, the parasitic capacitance of
the mounting fixture, in parallel with a "motional"
branch produced by the mechanically-vibrating
quartz. For the unperturbed resonator, the motional
impedance, Z ,, is given by

Z ., (unperturbed) =R + joL; +

)
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Fig. 3. Equivalent-circuit model describing the electrical
characteristics of a TSM resonator having both mass and
liquid loading.

with [4]
8K2C
Cy 3 ®)
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2
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Ry = — )]
: uqcl Wy
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Ly = 10
1 mszcl ( )

where Mg is the quartz viscosity, wg = 2nfy is angular
series resonant frequency, and K2 is the quartz

electromechanical coupling factor. The series
resonant frequency is defined by
®
o= ot = —— (D

2n 27‘«/L1C1

The minimum resonant impedance is limited by the
motional resistance, Ry, and the capacitive reactance
in the static branch. Quality factors, Q, for
unperturbed quartz resonators often exceed 103,

An ideal surface mass layer contributes only to
energy storage in the resonator system. The motional
impedance for this term is [4]

2nag Ly pg

N7 KqPq

where n is the number of sides (1 or 2) containing the
mass layer and pg is the surface mass density
(mass/area).

Liquid loading adds both an energy storage and a
power dissipation element to the motional branch.
The motional impedance due to the liquid is given by

Z , (mass) = joL3 = jo (12)

Zn(iquid) = Ry+jolL, (13)
with [4]
R, = nog L, [20pn (14)
N7 \HqPq
and
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L, (15)

Note that Ry = wgly for a Newtonian fluid. The
liquid shear propagation constant, vy, can be related to
the motional impedance elements as:

4K? 05 Co Mg Pgq

= R, +jo.L 16
¥ N (Ry +jogLy)  (16)

Thus, the equivalent circuit model for liquid-loaded
resonators provides a relevant link to the energy
storage and power dissipation in the radiated acoustic
wave.

The total motional impedance for the mass and
liquid loaded quartz resonator is

. 1
Zyn =(Rp +Ry)+jo(L; +L, +L3)+ju)C, (17)

Combining this impedance with the capacitive
reactances in the static branch leads to a description
of the equivalent admittance (current/applied voltage)
for the entire resonator system:

Y = jm(c0+cp)+-zl— (18)

m

Typical values of the static capacitances are C, = 4.2
pF and Cp ~ S to 10 pF, the latter depending on the
mounting fixture.

The motional inductance contributed by a mass
layer causes only a shift in resonant frequency. Using
Eq. (12) in the equivalent circuit model gives

2
Afy = _% = ___%E_n__p (19)

2L, N /quq s

which is equivalent to the Sauerbrey equation [5].
Mass sensitivities of less than 1 ng/cm? are possible
with a 5 MHz resonator in a stable oscillator circuit
(frequency fluctuations less than 1 Hz). The mass
measurement capability of the resonator gives rise to
the often used name "quartz crystal microbalance” or
QCM.

Liquid loading produces both a frequency shift
and a decrease in the admittance magnitude.
Admittances for four fluid-loaded resonators near the
fundamental resonance are shown in Fig. 4. Peak
admittance magnitude for air in contact with the
resonator is ~ 100 mmhos, or 30 times the displayed
range. The three liquids represent those encountered
in automotive systems and cover the spectrum of
density-viscosity products: pn = 0.01 to 0.882 at 20 °
C. As the value of pn increases, the peak frequency
is shifted by

3.0

e
L A - Air .

- B - Water —A 1

[ C - 50% (by Volume) T

[ Antifreeze in Water ’

20T b - 10W-40 Motor 0il || H—B §
1

Admittance Magnitude (mmhos)

PUREE SIUN ENE U U SHAY DR U UUN VRN W W B

LJNED JANL N SERn S By NNND Bus Sune e Atme SEN NN Sum s S Sums e

90
. ) =
o L
» 60 / -’
@ L o
Q o -
2 30}k D i
o} J
L g -
e = L
a [ c 4
8 30 -
§ —B 1
£ i 4
_g -60 |- -~
< [ —A ]
90 -
PRSI SN W SN VHEY U SEUY W ST SRR SHE S T SHND SN S DR S
4,96 497 498 499
Frequency (MHz)
Fig. 4. Admittance magnitude and phase near the

fundamental resonance showing the effects of increasing
Sluid density-viscosity: (A) air, pn = 2 x 10-7; (B) water,
pn = 0.010; (C) 50% by volume antifreeze in water, pn =
0.044; and (D) 10W-40 motor oii, pn = 0.882. All pn at
20 °C.



-1
T
Af, = '3 1+_§. THqPq (20)
2 2n\ nf;pn

while the peak admittance magnitude is reduced:

— |am2¢2 2 1
]Ymaxl—ﬁn £ (Co +Cp) +m 1))

where

2
N
R1+R2=_£_.;_t_)__. .‘l‘l+£ TBL (22)
8K“Cqo|Hq Nyn'fipugpq

When liquid loading is not severe (R, is much less
than the reactance produced by the static
capacitances), then peak admittance magnitudes are
approximated by (R + Ry)'L.

The density-viscosity can be determined by
observing the response of the quartz resonator while
contacting the fluid of interest. Contact can be only a
few drops of a liquid on one side of the resonator or
complete immersion. The acoustic wave decay
length for water [Eq. (6)] is only 0.25 pm at S MHz;
thus, a thin layer of a liquid is all that is required to
make a measurement. An automatic network
analyzer (ANA) can be used to scan the frequencies
near resonance, a computational fit made to the
equivalent-circuit-model admittance, Eq. (18), and
the value of pn extracted from either R, or L,.
Equivalently, the frequency shift and the damping of
the peak admittance magnitude can be determined
and pn extracted using Eqgs. (20) or (21). An
alternate method for measuring pn requires operating
the quartz resonator as a control clement in an
oscillator circuit. Oscillator frequency approximates
tg when operated in air, and any damping of the
oscillator signal near f. relates to Y, Or the
motional impedance, —j Ymaxl'l. Shifts in the
measured parameters while in contact with the fluid
can then be related to pn.

A single quartz resonator responds only to the
density-viscosity product as described by Eqs. (14)
and (15), and separating thesec (wo quantitics is
impossible. If each parameter must be known, an
independent measurement of either p or | is required.

This procedure, however, removes the advantages of
in situ or real-time determination. It is possible to
use two resonators, one with a smooth surface and
other with a textured (randomly rcugh or regularly
corrugated) surface to extract both density and
viscosity separately [6, 7]. The smooth device acts as
described previously to measure pn.  The textured
device traps an additional quantity of the liquid in the
crevices so that it moves synchronously with the
quartz surface and is "weighed." It becomes
equivalent to a mass layer, which causes an additional
frequency shift according to Eq. (19) where p; = ph,,
h, being the effective thickness of the trapped fluid.
Density is determined from the difference in
frequency responses between the textured and
smooth devices. Knowing p, viscosity can be
extracted from pn of the smooth resonator response.

In this study of automotive fluid monitoring, little
use of the dual resonators to measure density and
viscosity separately has been attempted. All data
presented in this paper is the result of pn extraction
from a single smooth device.

Oscillator Electronics

Quartz resonator liquid sensors require the use of
specially-designed oscillator circuits. It is necessary
for the oscillator to accommodate the high resistances
due to liquid damping yet provide a predictable
output over the wide dynamic range of resonator
resistance.  Standard oscillator designs, like the
Pierce or Colpitts type, do not function well because
of their inherent phase and gain sensitivity to the
resonator loss. The "Lever oscillator" described here
uses negative feedback in a differential amplifier
configuration to actively and variably divide (lever)
the resonator impedance as to maintain the oscillator
phase and loop gain [8]. The oscillator servos the
resonator impedance to a constant, nearly-zero phase
over a wide dynamic rangc of resonator resistances
(10 Q to 5k€). When using a S MHz resonator
(fundamental mode), this dynamic range will allow
single-sided measurements up to (pn)*2 ~ 1.6 g/(cm?-
s*8),

A schematic of the Lever oscillator circuit is
shown in Fig. 5. A single 5 volt supply is used to
power the circuit; source drain is typically 20 mA.
There are two signal outputs: a 200 mVy, RF signal
with a frequency that corresponds approximately to
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Fig. 5. The Lever oscillator circuit design with automatic
level control (ALC).

the series resonance of the quartz-liquid system, fg;
and a d.c. voltage proportional to the system motional
resistance, R| + R,.

When operating at f;, the resonator impedance is
near minimum and is given by

| -1
| e

Zrcs = |:jms(C0+Cp)+m

If the motional resistance is small compared to the
capacitive reactance, then the resonator impedance is
essentially real and f is very close to the frequency at
which the impedance phase is zero. The Lever
oscillator attempts to maintain this condition so that
open loop voltage gain, A,, is independent of
transistor B and is approximated by

RC

A, = > 1 (24)

R.R -
2h + A__u‘&l_[nw-_v
RC + Rf + Rm

where R., R, and R are the collector resistance,
resonator motional resistance (R + R,), and feedback
resistance shown in Fig. 5, and h is the intrinsic
emitter resistance of the amplifier transistors, Q; and
Q; (at 25 °C, h=26 mV / 1,, where I, is the emitter
current). The second term in the denominator of Eq.
(24) is the "lever" term since it effectively divides the
resonator impedance by the circuit elements R, and
R¢. Wide dynamic range, good sensitivity, and
transistor independence is realized when R /R, << B.

Resonator impedance phase is kept small by
minimizing the effects of transistor capacitance in Q,.
The parallel L-C tank circuit across R, makes the
collector to ground impedance real at the desired
operating frequency. This also prevents the circuit
from jumping to a parasitic (capacitance controlled)
frequency when resonator loss becomes large. The
feedback impedance, Z; is also forced to be
essentially real by selecting Ry to be much less than
the collector-to-base capacitive reactance of transistor
Q,. Then, if R, << Zg, the resonator impedance
phase follows approximately as the phase of Z;. And
with R, and Z¢ real, the resonator impedance must
also be real to satisfy Eq. (24). Figure 6 shows the
measured resonator impedance phase as a function of
the magnitude of the resonator impedance for the
Lever oscillator operating with a 6 MHz quartz
resonator. Above 200 ohms the impedance phase is
steady near 6°, which is approximately that
determined by the phase of Z;. The phase shift at low
resonator 1mpedances is caused by increased
oscillator sensitivity to circuit parameters not
included in the approximations used (o determine
componen: selection. Fortunately, for small resonator
loss the resonator Q is extremely large and oscillator
performance is not dependent on resonator impedance
phase.

The automatic level control (ALC) circuit shown
in Fig. 5 is designed to keep the oscillator gain
constant by controlling the current source, Q.
Indirectly, a measure of the control voltage indicates
the resonator motional resistance. A plot of ALC
output voltage versus resonator resistance is shown in

10

£ Zes (degrees)

200 400 600 800 1000 1200 1400 1600 1800
| Zres | (ohms)

Fig. 6. Measured resonator impedance phase versus the
magnitude of resonator impedance for a 6 MHz test
device.
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Fig. 7.  Oscillator output voltage versus resonator

resistance. Gain of the ALC can be adjusted for response
to a large range of resonator resistances.

Fig. 7. The response is approximately linear with
resonator damping up to 1700 ohms. Gain of the
ALC can be adjusted to increase the range of
resistance measurements. For highly viscous liquids
such as lubricants, the resonator motional resistance
can exceed 5000 ohms (see Fig. 10). The upper
resistance limit for oscillator operation is increased
dramatically by using the inductor, L,, shown in
Fig. 5, which effectively tunes out the static
capacitance, C,, + C,,, of the resonator and its fixture.

Lubricating Oil Monitor

The ability of the quartz resonator monitor to
indicate density-viscosity (pn) of fluids makes it a
candidate for an in situ, real-time diagnostic for
engine lubricating oil. Determination of lubricant
viscosity is a standard analytical procedure [9] both in
the formulation of products and in the
characterization of lubricating quality during use. It
is important to protect against excess wear in engines
and machines, yet reduce costly maintenance and
waste disposal. Several studies note changes in oil
viscosity as a function of vehicle use [10-12].

Viscosity  shifts result from oil thickening,
emulsification, and fuel/water dilution.
Quartz resonator response in contact with

lubricating oil is illustrated in Fig. 8. The admittance
magnitude at three temperatures is plotted versus
frequency for the resonator operating in 10W-40
motor oil. In Fig. 9, the extracted density-viscosity
for temperatures between 0 to 100 °C is shown. As
observed in both figures, lubricating oil exhibits a

particularly strong dependence on temperature. Much
of this variation is due to the large viscosity increases
at the low temperatures. In Fig. 8 severe damping of
the resonator signal occurs even at room temperature.
From Fig. 9, pn = 0.88 gZ/cm*-s at 20 °C. A separate
density measurement on the 10W-40 oil at 20 °C
gave 0.88 g/cm3, indicating | = 100 cP. This value
represents the approximate viscosity upper limit for
Lever oscillator operation in conjunction with a
resonator having single-sided liquid contact. Thus,
high-precision characterization of oil properties is
best performed at elevated temperatures where
resonator Q and measurement signal-to-noise are
large.

Standard laboratory analysis of lubricating oils
extracts the kinematic viscosity, v, instead of the
dynamic viscosity, 1. The relationship between the
two quantities is v = n/p. Quartz resonator response
is then related to the kinematic viscosity by pn = vp2.
At 20 °C, the kinematic viscosity of the previous
10W-40 oil sample is approximately 114 cSt
(centistokes or mm2/s). In order to characterize the
temperature dependence of the viscosity (often
referred to as viscosity index), a second density was
measured for the 10W-40 oil at 64 °C. Interpolating
the pn data in Fig. 9, values for | and v were then
determined for this lubricating oil at this second
temperature. Variation in the viscosity for petroleum
products is described in the ASTM standard
handbook [13, 14] and is given by the linearized
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Fig. 8. Quartz resonator admittance magnitude for 10W-
40 lubricating oil at three temperatures.
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expression

loglog(z) = A-Belog(T) (25)

where z = v + (constant), T is the absolute
temperature, and A and B are constants. The constant
added to v is 0.7 for v 2 1.5 cSt, which is
characteristic of lubricants up to ~ 200 °"C [14].
Using the two values of kinematic viscosity at two
different temperatures, A and B are determined from
Eq. (25): A =9.80, B = 3.48.

Temperature-dependent density variations in the
10W-40 oil are assumed due to simple dilatation, i.e.,
linear expansion in each direction:

= Po . (26)

[1+C(T-T)]

where p, is the density at T,, and C is the coefficient
of linear expansion for the liquid. Values for the
constants p,, T, and C are determined from the two
density measurements at 20 and 64 "C. Combining
Egs. (25) and (26) and substituting the appropriate fit
parameters produces a theoretical expression for the
temperature variations of pn in the 10W-40
lubricating oil. This curve is plotted as a solid line in
Fig. 9. Above 20 °C, the fitl is excellent, having an
average error of 1.6%. Below 20 °C, the measured

‘values show increasing deviation from the curve-fit

model as the temperature drops; the relative error is
35% at 0 °C. This discrepancy is almost entirely due
to errors in the resonator determination of viscosity
over this range; the viscosity at O °C is approximately
400 cP.

The response of a single quartz resonator appears
adequate for characterizing lubricating oils where the
density-viscosity product is a relevant indicator of
fluid parameter variations. More precise characteriza-
tion requires extraction of just the viscosity. As
discussed previously, two resonators, one smooth and
the other having a textured surface in contact with the
liquid, can separate density and viscosity. Such a
sensor system has yet to be tried with lubricants.

Many lubricating oils exhibit non-Newtonian
characteristics, especially under high shear conditions
or when operating at extreme temperatures. Initial
developments of quartz resonator response assumed
that liquids were strictly Newtonian. Then energy-
storage and power-dissipative components of the
motional impedance are simple functions of pn.
Resonator theory can be extended to include shear
rate dependence in the viscosity [15]:

no= e @
1+jo1

where n, is the low-frequency viscosity and T is a
shear relaxation time. For a Maxwell fluid, the
relaxation time depends on the viscosity, with T =
no/u, where p is the high-frequency shear modulus
for the liquid. For wt << 1, the liquid is purely
Newtonian in behavior. But at high frequencies or
for large viscosities, the non-Newtonian character is
manifested in a separation of the real and imaginary
parts of the liquid-induced motional impedance: R, #
w,L,. This is in contrast to values extracted from
Egs. (14) and (15).

The non-Newtonian aspects of a liquid can be
observed by plotting R, and wgl, for increasing
viscosity, or, equivalently, decreasing temperature.
In Fig. 10, these two parameters are shown for {wo
lubricants: a 10W-40 motor 0il and a SOW racing oil.
Both sets of curves show some separation in the
impedance parameters. The 10W-40 oil is Newtonian
above 40 °C, exhibiting some non-Newtonian
behavior at and below room temperature. The SOW
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Fig. 10. The variation in motional impedance parameters
versus temperature for two lubricating oils: 10W-40 and
SOW.

oil shows Maxwell fluid characteristics over the
entire measurement range. Only well above 140 °C is
Newtonian response expected. Based on this limited
data set, it appears that quartz resonator monitors
have the ability to determine important non-
Newtonian behavior in lubricants.

Battery State-of-Charge Monitor

The active materials in a lead-acid battery are
lead oxide (PbO,) on the positive plates, porous lead
(Pb) on the negative plates and dilute sulfuric acid
(H,SO4) as the electrolyte [16]. During the
discharging and charging of the battery, the chemical
reaction in each cell is described by

PbO, (Anode) + 2 H,S0, (Electrolyte) + Pb (Cathode)
discharge | 4 charge
PbSO, (Anode) + 2 H,0 (Electrolyte) + PbSO, (Cathode) .

The concentration of sulfuric acid in the electrolyte
changes significantly with the battery state-of-charge.
Approximate concentration ranges for fully charged
and discharged states are shown along the abscissa in
Fig. 11 [16, 17].

Both the density and viscosity of the battery

electrolyte vary with the H,SO4 concentration.
Literature values of these two parameters are plotted
(solid lines) in Fig. 11 [18]. Traditionally, electrolyte
density has been used to indicate state-of-charge in a
lead-acid battery, although viscosity exhibits a much
stronger dependence on acid concentration (5.5 times
the sensitivity at 40% H,SO4). The quartz resonator
response, proportional to (pn)*%, is also plotted.
Figure 11 shows that density-viscosity values
measured with the quartz monitor (open circles) agree
with literature values (solid line). Because of the
conductivity of the sulfuric acid, only one surface of
the quartz resonator can be exposed to the liquid to
avoid "shorting” between electrodes.

In a laboratory demonstration, a small 12V lead-
acid battery was discharged and recharged several
times in succession, The electrolyte in one cell was
continuously pumped across the surface of the quartz
resonator. The Lever oscillator circuit was used in
conjunction with the resonator and provided the
electrical signals for monitoring the frequency shift
and the damping magnitude. Periodically, the
electrolyte specific gravity was measured using a
float hydrometer. Since density and viscosity are
temperature dependent, a separate measurement of
temperature was also made.

Four parameters extracted from one discharge
cycle in the test series are plotted in Fig. 12. The
quartz oscillator voltage tracks quite precisely both
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Fig. 11. Parameter variations for the electrolyte in a

lead-acid cell as a function of the sulfuric acid
concentration.



- - 2.35 - 1.
12 20 .ww Voltage{ 24
1% o . A I »
104 _ Y3 Specific Gravity A 1.22
— I15 R . g
S <7 1Y < 120
= g \ S 1180
: - Q
>Z* 6 810 Oscillator Voltage R Sharge - 5 5
g ﬁ Py ..% g B 1.16 8
o 4, | E “' O B ‘D %)
a (¢ o O r 114
i 5 E PP
‘\"'f ..
2" “,. L 1.12
{ Temperature = 24.6 °C +/- 0.7
0 - 0 +—————+—71 1 2.20 - 1.10
245 25.0 25.5 26.0 26.5 27.0

Time (hours)

Fig. 12. Changes in the battery parameters and the sensor voltage output versus time for one deep

discharge cycle in a test series.

the electrolyte specific gravity and the estimated
charge (battery discharge current x time). Estimating
the charge alone could be used to indicate state-of-
charge, except this parameter can be highly
charge/discharge-rate dependent and initial charge
conditions must be known a priori. The battery
voltage is also plotted in Fig. 12. Battery voltage is
not a good measure of the state-of-charge, showing
little deviation for most of the discharge cycle and
then falling catastrophically as the charge depletes.
The correlation among the estimated charge capacity

Table 1. Correlation coefficients among three of the
battery and sensor parameters plotted in Fig. 12

Correlating Parameters Coefficient
Specific Gravity <> Estimated Charge 0.982
Oscillator Voltage <> Estimated Charge 0.984
Specific Gravity <> Oscillator Voltage 0.993

of the battery, the electrolyte density and the
measured quartz monitor voltage is quite high.
Coefficients for pairings of these parameters are given
in Table 1. These high correlation coefficients are an
indication this monitor has the potential for
accurately measuring state-of-charge.

The shift in resonant frequency of the monitor
proved to be an unreliable measurement for
determining  electrolyte  density-viscosity ~ and,
consequently, battery state-of-charge. Small
quantities of lead oxides and salts from the electrolyte
intermittently settled onto the resonator surface. This
produced a frequency shift due to the accumulaied
surface mass. Oscillator voltage, which depends only
on the viscous damping contributed by the liquid,
does not respond to these changes in surface mass.
Thus, a simple oscillator damping measurement is all
that is required for this monitor.

The laboratory tests demonstrated that a TSM
quartz resonator can be used as a real-time, in situ
monitor of the state-of-charge of lead-acid batteries.
Quartz resonators are small in size, compatible with
the corrosive electrolyte environment, and can be
easily configured to fit into each of the cells. This
type of monitor is more precise than sampling



hydrometers since it responds to changes in both the
density and viscosity of the sulfuric acid electrolyte.
It is proposed that quartz resonator monitors can
provide real-time metering of state-of-charge in
present vehicle storage batteries and serve as the
sensor for a “fuel gauge" in electric vehicle power
sources.

Coolant Capacity Monitor

Typical vehicle cooling systems contain solutions
of a primary agent (mostly ethylene glycol) and
water.  The capacity of this coolant to perform
properly yet resist freezing under non-operating
conditions depends on the component concentrations
in solution. Figure 13 shows several properties of
ethylene glycol at varying concentrations in water
[18]. Recommended antifreeze/coolant mixtures for
most vehicles is S0% by volume (52% by weight) in
water, giving freezing-point protection to 40 °C.

Present coolant monitoring systems check
capacity or freezing-point protection by measuring
the solution density. Like in the battery system
discussions in the previous section, density
monitoring requires drawing a sample using a
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Fig. 13. Parameter variations for aqueous solutions of
ethylene glycol as a function of concentration. Literature
values are density, viscosity and freezing point at 20 °C.

hydrometer (floating ball or float level). Density
measurements can be performed quite accurately and
provide a good indicator of capacity. As observed in
Fig. 13, however, the viscosity of ethylene glycol
solutions is a much stronger function of concentration
than is the density, being approximately 100 times
more sensitive to changes near 50% concentration.
Since the quartz resonator monitor responds directly
to (pn)%, it can take advantage of this increased
sensitivity. Ability to operate in situ and to provide
information in real-time are added advantages.

Figure 14 displays plots of the measured and
literature values for p and (pn)*2.  The quartz
resonator response (open circles), determined for a
commercial antifreeze/coolant, are in good agreement
with the literature values for pure ethylene glycol.
Some discrepancies in the curves are expected since
commercial antifreeze contains small amounts of
chemicals other than ethylene glycol. In fact, the
measured densities for the antifreeze mixtures (closed
circles in Fig. 14) were consistently 1 to 2% higher
than literature values for pure ethylene glycol in
water. It is obvious that coolant monitors must
account for a range of responses since proprietary
additives in commercial products can affect liquid
properties.

A 5 MHz quartz resonator was used with the
Lever oscillator to monitor characteristics of typical
antifreeze mixtures. Concentration was varied from 0
to 50% by volume in water; temperature was varied
between 0 and 100 °C, the exact range depending on
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Fig. 14. Quartz resonator measurements (O) of ( pn)/2

for commercial antifreeze solutions at 20 °C. Measured
densities (®) are determined separately. Solid lines are
literature values from Ref. 18.



the solution concentration. In Fig. 15, the oscillator
frequency and voltage shifts are plotted versus
concentration for three distinct temperatures for each
mixture. Maximum shifts occur in both parameters at
10 "C (open circles) since densities and viscosities are
greatest at that temperature. For the 50% solution at
10 °C, the liquid viscosity is large enough (estimated
to be 7.5 cP) that oscillation at the fundamental
frequency of the quartz resonator could not be
maintained. A reconfiguration of the oscillator circuit
components is required for continued operation at this
higher viscosity (or higher mtional resistance) range.

It is possible to measure either the voltage shift or
the frequency shift from the monitor in vehicle
antifreeze/coolant to provide an indication of the
system capacity. As in the battery electrolyte monitor
system, voltage response is expected to be more
accurate since it is directly proportional to (pn)*%,
while frequency response has an added contribution
due to mass deposition. Rust and corrosion
particulates that are likely to form in vehicle cooling
systems could settle on the resonator surface and
skew density-viscosity measurernents made with
frequency shift only.

The quartz resonator monitor also has the ability
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Fig. 15. Oscillator circuit frequency and voltage shifts
measured at three temperatures (10, 20 and 50 °C) for
varying volume concentrations of antifreeze in water.

to determine phase changes in materials contacting
the surface. Changes in the properties of a liquid as it
transforms to the solid phase are captured by dramatic
shifts in both resonator operating frequency and
resonance damping. An icing monitor is constructed
by spreading a thin layer of water (or modified water
solution) over the quartz surface. Immediate response
to solidification is evident. By strategically placing a
quartz monitor in a vehicle cooling system, it would
be capable of predicting fluid freezing prior to bulk
ice formation that could seriously damage an engine.

Conclusion

We have investigated the capability of TSM
quartz resonators as a diagnostic monitor for three
fluids used in vehicle systems: engine lubricatinp oil.
battery electrolyte, and engine coolant. In each case,
the sensor responds to changes in the liquid density-
viscosity product due to temperature variation,
concentration shifts, or a combination of these. Mass
deposition on the quartz surface and phase changes in
the contacting liquid also produce shifts in the sensor
response, although these parameters have not yet been
quantified as part of this study. The quartz resonator
monitor can track viscosity changes in lubricants and
potentially c¢an separate non-Newtonian from
Newtonian fluid characteristics. Real-time
monitoring of lead-acid battery state-of-charge was
demonstrated during charge/discharge cycling of an
actual battery. Predictable resonator responses to
concentration and temperature changes in antifreeze
solutions verified its capability as an in situ coolant
monitor,

The quartz resonator technology can be extended
to monitor other vehicle fluids — transmission and
brake fluids, for example — as well as to explore new
properties and characteristics of the three fluids
presently under investigation. The technology can
also be utilized in other operating modes (i.e., thin-
film coated resonators) to explore liquid or gas
chemistry. A wide range of applications in the
automotive industry appear possible.
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